Phase transitions characterized by a strong coupling of charge, spin, orbital and lattice degrees of freedom are ubiquitous in transition metal oxide (TMO) materials 1 . A well-known example is the metal-insulator transition, which is typically first-order and exhibits regions of phase coexistence. Many studies have focused on manipulating the MIT through intrinsic and extrinsic effects [2] [3] [4] [5] . Moreover, experimental techniques such as photoemission electron microscopy and near-field scanning optical microscopy have been used to observe the phase coexistence at the MIT 6, 7 , however, remarkably little is known about the characteristic lengths of the two possible phases. Important open issues include the minimum length-scale over which a metallic or an insulating state can be established and the physics that sets this length-scale. Is this length-scale controlled by propagation of lattice distortions or more subtle interfacial effects? Answering these questions is important both for understanding the fundamental physics of the metalinsulator transition and for controlling it, essential for application in new generations of electronic devices.
In this paper we present experimental and theoretical analyses of a series of speciallydesigned structures of two oxide materials that undergo metal-to-insulator transitions at different temperatures while sharing the same order parameter. We create atomicprecision epitaxial superlattices consisting of alternating layers of the two materials and we study the temperature dependence of their conductivity as a function of layer thickness. For thicker layers, two separate transitions are observed such that the engineered bi-component system mirrors the independent properties of the individual layers. For thinner layers the system behaves like one material, with a single metalinsulator transition, implying that we have engineered properties unique to this superlattice system. The characteristic length-scale above which two separate transitions are observed implies a critical minimum phase separation size of around 3 nm. This is remarkably large considering the first-order nature of the metal-insulator transition which is not associated with diverging length scales. By combining our data with theoretical modeling, we demonstrate that the length-scale of the metal-insulator transition in the superlattices is set neither by the length-scale of the propagation of structural motifs nor by that of the electronic order parameter from one material to the other. Rather, the length scale is set by the interplay of phase boundary and bulk energetics. This work illustrates how atomically-engineered layered materials provide a new path for understanding fundamental physics and for engineering functional properties that are not available in bulk. As a model system for this study we take NdNiO3 and SmNiO3, two members of the rare earth nickelate family RNiO3, where R is a rare earth cation. The rare earth nickelate materials are well known for the sharp metal-to-insulator transition (MIT), observed when temperature is decreased below a characteristic temperature TMI, which depends on the choice of rare earth ion R [8] [9] [10] [11] . The TMI for bulk SmNiO3 is ~400 K; and for bulk NdNiO3, ~200 K. The rare earth nickelates crystallize in slightly distorted versions of the perovskite structure, which can be visualized as a network of corner-sharing NiO6 octahedra with the rare earth ions occupying the spaces in between. The distortions involve rotations and tilts of the octahedra, which are controlled by the ionic radius of the rare earth ions.
The rotations and tilts modify the Ni-O-Ni bond angle (F), which sensitively determines the bandwidth of the system and therefore TMI (F "#"$% & ≈ 157° and F ,-"$% & ≈ 153° at room temperature in bulk) 9, [12] [13] [14] . The MIT involves a two-sublattice modulation of electron density (often referred to as "charge order'' although the terms "bond density wave'' or "charge density disproportionation" as well as "site-selective Mott transition" may be more appropriate 15 ) accompanied by a two-sublattice breathing distortion of the NiO6 octahedra. However, understanding and controlling the length-scale over which an MIT can develop is a less well-understood aspect of this phenomenon.
To address these questions, epitaxial superlattices consisting of L repetitions of the basic ((SmNiO3)m/(NdNiO3)m) unit (m unit cells (u.c.) of SmNiO3 and m u.c. of NdNiO3), were deposited on top of (001)pc-oriented LaAlO3 substrates. The total thickness of all the samples was kept at ∼40 nm. Therefore, in order to match this thickness, the number of repetitions, L, was adjusted for each ((SmNiO3)m/(NdNiO3)m) unit or superlattice wavelength L (in u.c.) equal to 2m (m in pseudocubic (pc) u.c.), see 16 . The second MIT temperature, TH, manifests at higher temperatures, 300 K < TH < 400 K, and therefore resembles the MIT of SmNiO3. Interestingly, superlattices with short L (see for instance (7,7)8) appear to go from a fully metallic to a fully insulating state through a single MIT.
By analyzing the entire data set (see Supplementary Fig. S2 ), we see that the conductive behavior of the higher period SmNiO3/NdNiO3 superlattices tends toward the independent SmNiO3 and NdNiO3 single film behaviors. With decreasing L, the two MITs come closer together in temperature until a joint MIT is measured at a temperature of TJ ~ 155 K. This behavior with a unique MIT is observed below a critical wavelength, Lc, of 16 u.c. These results are summarized on Fig. 4a ), to which we will return shortly. 6 7 is required to decouple the two materials and to establish independent phases determined by the bulk energetics. We now consider possible explanations for this long length-scale. As a first step we address the issue of cationic intermixing. We observe that a solid solution Sm0.5Nd0.5NiO3 exhibits a single MIT at approximately the same temperature as that of the short-wavelength superlattices, see Supplementary information Fig. S2 . However, as can be seen from Fig. 1d , STEM analyses performed on a (5,5)10 superlattice show that intermixing is extremely limited in these structures and does not extend further than 1 u.c. from the interfaces. We can therefore safely say that the long coupling length-scale is not chemical in origin.
A second possibility is interfacial structural coupling, shown in previous studies to be important in many perovskite superlattices [17] [18] [19] [20] . In particular, several works have found that rotations and tilts of the oxygen octahedral cages, determining the B-O-B bond angle in ABO3 perovskites, can be modulated across interfaces [21] [22] [23] [24] [25] . We also consider for this specific nickelate system that the breathing distortion (bond disproportionation) could gradually propagate from one material to the other. In order to investigate interfacial structural coupling, we determined the crystal structure of SmNiO3/NdNiO3 superlattices from density functional theory (DFT) + U calculations and corroborated our findings using STEM analyses that allowed the oxygen positions to be resolved. In the calculations, we considered the low temperature phases of SmNiO3 and NdNiO3, which have P21/n symmetry (with Glazer notation ab + a -), and the in-phase rotation axis has been oriented in-plane as predicted from the calculations and observed in our STEM measurements. Fig. 3g ) we see the absolute values agree within 3º and the z-dependence is very similar, recovering rapidly to the specific layer value within 1 u.c. We therefore disregard bond angle coupling as the controlling feature for the heterostructure as a whole.
The breathing distortion yields a bond disproportionation (BD), which can be quantified as the difference between the lengths of the long and short Ni-O bonds (BL and BS respectively), = ; < =; > 6 . In the insulating phase, the BD is slightly greater in SmNiO3 than in NdNiO3, so some coupling of the BD magnitude may be expected. Fig. 3b) illustrates the ab-initio determined BD magnitude across the SmNiO3/NdNiO3 interface.
Similarly to the bond angle, it can be seen that this parameter returns to the value characteristic of the given nickelate layer after just 1 u.c. of interface effect. We propose that the observed behavior is due to the energy cost of establishing a phase boundary -linked to the short-range mismatch of the coupled electronic and structural order parameters corresponding to the metal-insulator transition across the interface. As the structural and electronic order parameters are strongly coupled we can focus on just one. We set the theory in terms of N -the electronic disproportionation characterizing the nickelate insulating state. N is defined as the difference between the occupation of the long bond and short bond Ni sites ( = @; − ,; ) within a low energy, extended antibonding eg orbital picture 27 . Previous theoretical calculations have found that N = 0 in the metallic state (eg 1 -eg 1 ) and in the insulating state is around 1.2 -1.5, depending on the material [27] [28] [29] [30] .
Based on this electronic disproportionation order parameter we develop a Landau theory, which is described in detail in the Supplementary information. In the simplest description,
the key ingredients in the model are the relative free energies of the metallic and insulating phases of the two components of the superlattice, and the energy cost of the phase boundary separating them. Without loss of generality we set the free energy of the metallic phase to zero, C ( ) = 0, and refer to the free energy (per unit cell) of the insulating phase as F ( ), noting that only the difference between the two is of physical relevance. We take the phase boundary energy between two metallic or two insulating phases to be zero, and the energy of the phase boundary separating the metallic and insulating states to be EPB. We assume that the F have a linear temperature dependence: temperature. This is shown for two superlattice wavelengths: L = 10 u.c. for which, experimentally, the system transitions from a fully metallic state to a fully insulating one and L = 20 u.c. for which a coexistence of a metallic and an insulating phase is found at intermediate temperatures. As can be seen in Fig. 4b ), in the case of L = 10 u.c., the lowest energy is the metallic-metallic phase at high temperature with a transition to an insulating-insulating phase at 160 K. Examining the calculations for the L = 20 u.c. case ( Fig. 4c) ), two transitions are seen to occur: a first one from a high temperature metallicmetallic phase to a mixed (metallic-insulating) phase and, at a lower temperature a second one from the mixed (metallic-insulating) phase to the insulating-insulating oneneatly reproducing what is observed experimentally, as shown in Fig. 4a ). Fig. 4d ) and e) show the evolution of the order parameter, N, across the interface of two different wavelength superlattices, L = 10 u.c., 20 u.c., for the various possible phases.
As shown in Fig. 4e ), at an interface between an insulating region and a metallic one, the order parameter has to go from a value of 1.2 to 0 and the energy cost of bending the order parameter goes as (∇ ) 6 . It is only in Fig. 4e ), for L = 20 u.c., that the phase coexistence is stable. However, with a reduced superlattice wavelength of 10 u.c. (Fig.   4d )), the higher density of phase boundaries makes the cost of bending the order parameter between the two distinct electronic phases higher than the energy gained by the individual component materials being in their optimal states. Thus, for L = 10 u.c., phase coexistence is never stable and, over some temperature range, the phase boundary energy forces either SmNiO3 to be metallic or NdNiO3 to be insulating against the energetics of the bulk phases. 
Methods

Sample preparation
We used radiofrequency off-axis magnetron sputtering at a temperature of 460 
Transport measurements
Transport measurements were carried out in a 4 points configuration, after being patterned with UV lithography in standard Hall bar geometry with Pt contacts, in the temperature range 4 K < T < 400 K. Below 300 K, the samples were slowly dipped into a liquid helium bath while higher-than-room temperature measurements were achieved using two Peltier elements. The TMI of the superlattices was determined from the maximum of −d(lnR)/dT on heating 31 .
Aberration-corrected STEM measurements
STEM specimens were prepared by mechanical tripod polishing, followed by argon ion beam milling to electron transparency with a Gatan PIPS II. Simultaneous series of high angle annular dark field (HAADF) and annular bright field (ABF) STEM images were acquired using a double-aberration-corrected Titan Themis 60-300 microscope located at the CIME (EPFL). The instrument was operated at 300 keV, using an ~20 mrad convergence semi-angle for the electron probe. From each image series, the Smart Align software was used to produce an averaged image with reduced statistical image noise and correction of linear and non-linear scan distortions 32 . The central positions of all the imaged atomic columns were identified by using an iterated refinement process, which ensures a subatomic precision that localizes the center of mass position associated to each atomic column. From the obtained set of coordinates, one per atomic sub-lattice, we can estimate the depth-evolution of any structural parameter. Each data point shown in Fig. 3f ) and g) corresponds to the mean over 30 u.c. and the error bars derive from the standard deviation.
STEM-EELS spectrum image (SI) datasets were acquired with a Gatan GIF Quantum ERS spectrometer, using the following conditions: a collection semi-angle of ~47 mrad; 0.01 s acquisition time per pixel; 0.5 eV/ch energy dispersion and 2048 channels, thus covering all the spectral edges located between 400 -1424 eV in energy loss. Principal component analysis was used to improve the signal-to-noise ratio of the EELS-SI datasets using a plugin in Gatan DigitalMicrograph (DM) 33, 34 . In particular, we used the first 14 principal components to reconstruct the EELS-SI for the maps shown in Fig. 1c ).
The La M45, the Ni L23, Sm M45 and Nd M45 edges were used for mapping the relative composition of the superlattices. A power-law dependency was used to fit and subtract the background signal from the edges. The multiple linear least squares plugin within DM was used to deconvolute the La M45 and Ni L23 peak signals, as they are substantially overlapped.
DFT
Our first-principles calculations were carried out using density functional theory (DFT)
with Projector Augmented Wave (PAW) method as implemented in the Vienna ab initio simulation package (VASP) [35] [36] [37] . We used the PBEsol 38 exchange-correlation energy functional. In line with recent work on RNiO3 compounds 39, 40 , an on-site Coulomb interaction 41 U = 2 eV was added to the 3d orbitals of Ni according to the method of Dudarev 42 . The plane-wave energy cutoff was set to 700 eV. The (NdNiO3)1/(SmNiO3)1, (NdNiO3)3/(SmNiO3)3 and (NdNiO3)5/(SmNiO3)5 superlattices were simulated respectively using 2 × 2 × 10, 2 × 2 × 6 and 2 × 2 × 10 supercells and 6 × 6 × 1, 6 × 6 × 2 and 6 × 6 × 1 Monkhorst-Pack k-point meshes 43 . The lattice constants of fully relaxed bulk NdNiO3 and SmNiO3 are in good agreement with experimental data (see Supplementary Table S1 ). In order to simulate properly the epitaxial strain imposed experimentally to NdNiO3 and SmNiO3 on a LaAlO3 substrate, the in-plane lattice parameters of the superlattices were fixed to be 3.77 Å. The oxygen rotation pattern was oriented with the long axis (c + ) in-plane (see Supplementary information). The out-ofplane lattice parameters and internal atomic coordinates were relaxed until the total energy and Hellman-Feynman force were converged to 10 -7 eV. and 10 -3 eV/Å respectively. For simplicity, all the calculations were performed in the ferromagnetic state. Bond lengths and bond angles were calculated using the VESTA package 44 .
Data Availability
The data that support the findings of this study are available from the corresponding author upon reasonable request. 
Code Availability
Extra text on the structure
Both SmNiO3 and NdNiO3 are slightly distorted perovskite oxides. At higher temperatures both compounds are metallic and orthorhombic with Pbnm symmetry, and the rotations and tilts of oxygen octahedra are described by the aac + pattern in Glazer notation. At lower temperatures, both compounds undergo a monoclinic distortion with P21/n symmetry, combining the same pattern of octahedral rotations and tilts with an additional breathing motion of the octahedra 45 . In the showing that the configuration with the c-axis in-plane is energetically favored with respect to the configuration with the c-axis out-of-plane. This is also corroborated experimentally by the STEM measurements. In order to reproduce an epitaxial strain state comparable to the experiment (see Supplementary Table 1 ), we considered in our calculations (that slightly underestimate lattice constants) a pseudo-cubic lattice constant of 3.77 Å for LaAlO3.
Bulk Landau Theory
In order to study the transition in more detail and thereby justify the analytical approach in the main text, we also perform numerical calculations involving a full, layer dependent bulk Landau theory for the two component materials. The metal-insulator transition in the nickelates is characterized by a simultaneous electronic ( ) and structural bond disproportionation (BD) from the high temperature metallic phase to the low temperature insulating phase. As one order parameter determines the other, without loss of generality, we select the electronic order parameter N to be the one determining the physical state of the system. As in the main text and previous work [27] [28] [29] [30] this is usually defined as the occupancy difference between the higher filling and the lower filling eg frontier antibonding orbitals in a d-orbital only picture. As in the main text, this theory has a free energy of 0 for the metallic phase, independent of temperature at ( ) = 0 corresponding to the metallic phase. For the bulk insulating phase, we then use ( ) = 1.2 for the NdNiO3 layers and ( ) = 1.4 electrons for the insulating state at the metal-insulator transition temperature, consistent with previous DFT+DMFT work [27] [28] [29] [30] , however noting that these values are not relevant in themselves as we will show later. For each material we then determine the coefficients at the metalinsulator transition temperature of the respective material. We set ( ) = 1 for all (which sets an overall normalization factor for the Landau theory) then determine ( ) and ( , CFU ) from ( , F , CFU ) = 0 and lm nopq (r," s, U tsu ) l" = 0. In order to then tune the free energy to obtain a metal-insulator transition we vary the coefficient ( ) with temperature as: ( , ) = ( , CFU ) 31 + ( ) U=U tsu U tsu 7 with 0 < ( ) < 1 and ( ) taking one of two values we determine "#"$% & or ,-"$% & . We note that this is equivalent to changing the susceptibility of the metallic phase as ( , ) = C =y , while keeping ( , ) in order to ensure the first-order nature of the metal-insulator transition.
To these we add a discretized gradient term that couples nearest neighbor layers by penalizing changes in the order parameter from one layer to the other:
z{X#$|}Y = ~6 2 ( ( ) − ( − 1)) 6 r (2) where are the integer values determining the layer number.
The total free energy is then: Y€YXb = ~`a bc ( , , ) r +~6 2 ( ( ) − ( − 1)) 6 r (3)
As the coefficients for the ( , , ) are the same throughout each material, but different from one to the next, in the → 0 limit, we obtain a sum of two bulk energies as in the main text. For ≠ 0, an energy cost will appear from a combination of ( ) not being at the optimum bulk values, and from the order parameter 'bending' across the interface, leading to a phase boundary energy cost. If this phase boundary is restricted in length compared to 4 6 , then this energy cost will be constant.
We now have effectively three adjustable parameters, "#"$% & , ,-"$% & and . Similar to the simplified theory in the main text, the ratio of the two can be obtained from the joint transition temperature at the bifurcation point Q (similar to the K constants in the text), while can be obtained from the critical wavelength of the bifurcation point Λc. Note that one can adjust the F for the insulating states of the materials as well, however as long as the and are determined as described above after picking the F , the resulting transition temperatures will be the same (confirming that the main physics is in fact captured by the simplified model in the main text).
The final step is to initialize and solve the calculation for the three physically relevant configurations. To obtain a full metallic solution, we initialize the calculation with ( ) = 0 for all , for a mixed NdNiO3 metallic, SmNiO3 insulating solution we initialize ( ) = 0 for 1 ≤ ≤ 4 6 and ( ) = F ,"% for 4 6 + 1 ≤ z ≤ Λ and for the full insulating solution we initialize ( ) = F with the F corresponding to the respective material. Then we minimize over the total free energy and depending on which initial state we started in we obtain a different minimum corresponding to one of the three possible solutions. Similar to the simplified theory, we can additionally impose a saturation temperature for ( , )
for the SmNiO3 layers: ( , ) = ( , CFU ) 31 + ( ) U ƒVWo"VW… † ‡ =U tsu U tsu 7 for <ˆX Ya{XY$€} .
About Landau Model
We find minima of the polynomial Landau theory numerically using a standard leapfrog scheme which is iterated to self-consistency. Calculations are initialized using all possible combinations of the solutions for bulk phases, thereby producing all insulating, all metallic and mixed solutions 47
